The ranges of Li+Fe+Mn composition in which single-phase microparticulate spinel oxides are formed by heating in air were determined. The aim was to reevaluate previously published reports on binary solid solutions between LiFe 5 O 8 and Li+Mn+O spinels by covering the whole possible range of (Li, Fe, Mn) 3 O 4 spinels with Mn valence higher than 3. To sensitively detect possible heterogeneity of the elemental distribution or phase composition, chemical and X-ray powder di4raction analyses were used, temperature dependence of magnetic susceptibility was obtained for samples rich in Fe, and electrochemical reductive dissolution was studied by means of voltammetry of microparticles. Instead of a continuous series of solid solutions, three regions were found with di4erent dependence of lattice parameters on elemental composition. A region of nonuniform solid solutions was found at Fe/(Fe؉Mn)> 0.4 and Mn valence >3.2.
INTRODUCTION
Several Li}Mn}O spinels (1, 2) (12) , and others (13}15) (Fig. 1) . These previous studies suggested that spinels can be expected to occur not only as binary but as complex solid solutions of general formula (Li,Fe,Mn) O , but a systematic work in this ternary solid solution has not been published. Additionally, several phenomena observed in the previous reports suggest that the (Li,Fe,Mn) O plane is not homogeneous but contains some boundaries of varying ideality.
Li}Fe}Mn}O spinels have mostly cubic symmetry Fd3m, only Fe-rich spinels exhibit ordering of Li and Fe in octahedral positions leading to the symmetry P4 32 (6}10 (6) , suggesting that the solid solutions deserve a further study.
Li}Mn}O spinels have exceptional electrochemical properties that caused a boom of the interest in their properties in the early 1990s (16, 17) . Later in that decade, several Li}M}Mn}O spinels, particularly with stoichiometric formula Li
MMn O , where M is a "rst-row transition metal including Fe, attracted the renewed attention of battery electrochemists (12, 18) . If Li}Fe}Mn}O spinels were practically used, systematic knowledge about the range of their stability and their ionic distribution would be of a practical importance.
In our previous paper (14) , we showed that X-ray di!raction analysis is not su$ciently sensitive to reveal a certain nonuniform elemental distribution in Li}Fe}Mn}O samples, because the ionic radii of Mn> and Fe> are too similar. Voltammetry of immobilized microparticles (19) is, however, more sensitive to actual Fe/Mn ratio in spinels and also in other Fe}Mn oxide solid solutions (20) . Facility of voltammetry as an analytical tool for characterization of Mn oxides was already proved; reductive electrochemical dissolution (21, 22) , H> insertion (23) , and reversible Li> ion insertion (2) were used. This enabled us to test more minutely the quality of a synthetic series of Li}Fe}Mn}O spinels. In this work, we describe the preparation and characterization of Li}Fe}Mn}O spinels that also include compositions other than those of binary solid solutions already reported. The spinels were synthesized by a sol}gel route, uniformity of phase and elemental composition were checked by voltammetry, X-ray powder di!raction, and stoichiometry by chemical analysis. Temperature dependence of magnetic susceptibility was also used to characterize the spinels. The aim of this report was to evaluate the stability of well crystalline Li}Fe}Mn}O spinels in the area LiFe 
EXPERIMENTAL
The samples were synthesized by the sol}gel method described in (21) . The solution of corresponding metal nitrates and citric acid in minimal amount of water was evaporated on hot plate to dry foam that was subsequently "red at about 4003C and calcined at the desired temperature (600 to 8503C) in air. The molar amount of citric acid should be equal to or larger than 2/3 of the molar amount of nitrates to avoid possible blaze of the dry foam. The phase purity of spinels was checked by X-ray di!raction, elemental composition by atomic emission (Li) and absorption (Fe, Mn) spectrometry, and Mn valence by permanganometric titration after dissolution in an excess of acidic solution of the Mohr salt. X-ray powder di!raction was performed with a Siemens D5005 (Bruker AXS, Germany) using CuK radiation (40 kV, 30 mA) and di!racted beam monochromator. Qualitative analysis was performed with Bede ZDS for Windows, version 1.99 and JCPDS PDF-2 database (24) . For quantitative analysis of XRD patterns we used PowderCell for Windows, version 2.3 (25) with structural models based on the ICSD database (26) . For Rietveld analysis, Fullprof code was used (27) .
Temperature dependence of magnetic susceptibility was obtained by KLY-3 Kappabridge (Geofyzika Brno, Czech Republic). The Curie temperature was obtained from the in#ex point estimated by di!erentiating the /¹ curve.
Electrochemical dissolution was performed by voltammetry in aqueous solution as described in Refs. (14, 20, 21) with potentiostat Autolab controlled by the GPES 4.4 program (EcoChemie, Utrecht, the Netherlands). Samples were deposited by intensive rubbing of a sample on "lter paper with a para$n-impregnated graphite working electrode. Saturated calomel electrode (SCE) was used as a reference, with a Pt-plate as a counter-electrode. Linear sweep voltammetry was done at 2 mV/s scan rate from open circuit potential to !1.1 V. Deaerated 0.2 M acetic acid}acetate bu!er (1 : 1) was used as supporting electrolyte; measurements were done under N stream to decrease the background current at potentials (0.5 V vs SCE.
Electrochemical Li> insertion reaction was studied in nonaqueous solution as described in Ref. (28) with potentiostat PAR263A. Samples were deposited on the gold electrode by spreading their suspension and heating at 4503C for 45 min. Li/1 M Li> was used as a reference electrode and a Pt plate was used as a counter-electrode. LiN(CF SO ) in propylene carbonate was used as supporting electrolyte. The experiments were performed in a glove box. Cyclic voltammetric curves were integrated to evaluate the total amount of reversibly inserted extracted Li>.
RESULTS
The single-phase Li}Fe}Mn}O spinels obtained are summarized in Table 1 . Mean error of chemical analyses was about 2%. X-ray di!raction patterns were processed to structure re"nement using the Rietveld analysis (15 samples, Table 2 ) or only to re"ne the unit cell parameters (16 samples). In Li-rich mixtures, an admixture of monoclinic Li MnO was always produced. Signi"cant Li de"ciency in compositions close to the vertex of hypothetical spinel LiMn O led to the formation of tetragonal hausmannite Mn O or an unidenti"ed, probably tetragonal phase also observed by Blasse (3) . The samples containing admixtures of tetragonal impurities (9 samples) or Li MnO (22 samples), and samples containing two cubic spinels (7 samples) were not included in Table 1 . The phase composition of all samples of Li}Fe}Mn}O oxides was plotted in triangular in Fig. 2 . The results of the linear regression analysis of the dependence of the lattice parameter on the elemental composition are given in Table 3 . The regression was performed according to a"A#B*Fe/(Fe#Mn)#C*Li/(Fe#Mn). [1] Zero hypothesis (nonsigni"cant in#uence of the corresponding independent variable) was evaluated by t-test, and if it was accepted, the corresponding signi"cance level was also included in the table.
Elemental and redox analyses permitted us to calculate the total occupancy of cationic positions assuming a complete occupation of anionic sites. Under such assumption the mean occupancy of cationic sites was 99% ( "0.7%, n"24, spinels of regions A and B). The low concentration of cationic vacancies is not surprising after crystallization at temperatures equal to or higher than 6003C. The cationde"cient Li}Mn}O spinels are commonly obtained after calcination at about 4003C, but such specimens have highly defective structure and small mean coherence length. Le Cras et al. (1) stated that ordered Li}Mn}O spinels are not obtained below about 6003C. Alternatively, well crystalline spinels with cationic vacancies can be prepared by soft synthesis routes (2) . At 6003C the spinel particle size was about 20}50 nm, and at 8503C it was about 0.2 m according to broadening X-ray di!raction line (311) and electron micrographs.
X-Ray Powder Diwraction
We found that cubic spinels obtained can be divided into three composition ranges: line A and regions B and C. The ranges are indicated in Figs. 2 and 3. This apparently arbitrary division was useful for further discussion of the experimental results. For example, the spinel-lattice parameters plotted against Fe/(Fe#Mn) seem to fall into certain groups rather than follow a simple common dependence for all Li}Fe}Mn}O spinels.
Line A represents the solid solution of LiFe''' O and hypothetical LiMn''' O , which was most systematically studied. We found the range of 0.284Fe/(Fe#Mn)41 for these spinels obtained at 8503C. Blasse (3) Note. Standard deviations of the regression parameters are in parentheses; r, regression coe$cient; n, number of samples; H0, zero hypothesis accepted on the given signi"cance level P. spinels with a substantial amount of trivalent Mn at temperature as low as 6503C.
At Fe/(Fe#Mn)'0.8 a change was observed of the crystal symmetry from Fd3m to P4 32 (6, 10). Contrary to Blasse (3), we found that the Vegard law was valid for this solid solution as demonstrated in Fig. 4 : the spinel lattice parameter was linearly proportional to Fe/(Fe#Mn). Due to a small variation of Li/(Fe#Mn) in the spinels of line A the in#uence of the corresponding member in Eq. [1] can be practically neglected. The cubic structure was preserved even at certain Li-de"ciency, when Li/(Fe#Mn)&0.18 and the lattice parameter exceeded 8.38 A > (see the samples on the lower boundary of the spinel area in Fig. 2 ). Such Li-de"cient spinels can be considered Also, in region B, true solid solutions with variable composition (Li,Fe,Mn) O were obtained. The quadrangular area has the following vertices (in Fig. 2 The easy formation of spinels in region B o!ers the possibility of synthesizing electrochemical materials of a #exible elemental composition and varying initial Mn valence, which will be examined in future work. The thermal stability of spinels at large Li content depends on temperature. In Fig. 2 , the upper boundary of region B was plotted for samples heated at 6003C. Actual maximum valence of Mn in the upper boundary of the region B was 3.7 according to the chemical analysis (Table 1) . Assuming only cationic vacancies, the mean occupancy of cationic sites 98% was lower in these spinels as compared to the spinels of line A. At 800 or 8503C, the spinels richest in Li converted to a mixture of Li MnO and a Li}Fe}Mn}O spinel depleted in Li. This limited thermal stability of Mn'4 under heating in air is well known for Li}Mn}O spinels (1), and there is no reason to expect something else for Li}Fe}Mn}O spinels. Maximum Mn valence &3.9 in well-crystalline Li}Mn}O spinels obtained by ceramic route was found by Le Cras et al. at 400 or 6003C depending on the starting compounds, and 8503C was the most suitable temperature to prepare LiMn O with Mn valence exactly equal to 3.5 (1) (4) . The lattice parameter was found to be directly proportional to Li/(Fe#Mn) ratio (Fig. 5) . Similar dependence of the lattice parameter on Li/Mn ratio was found in Li}Mn}O spinels (1). This dependence is understandable because the actual Li/(Fe#Mn) ratio controls the Mn valence. The actual Fe/(Fe#Mn) ratio has a statistically insigni"cant in#uence on the lattice parameters (see Table 3 ), although it was so important in the previous series Li(Fe,Mn) O . We conclude that also in region B uniform solid solution occurs but it has a di!erent properties than the series A.
The samples of region C di!ered from the previous two groups dramatically. Their formation was much slower under the same temperature and duration of heating, which was su$cient for spinels in the previous two regions. While the spinels of region B were formed in a few hours at 6003C, in region C under the same conditions a pair of spinels arose: one of type A and other of type B. Apparently, the structures of types A and B were preferred to type C at least for kinetic reasons. After heating at 800 or 8503C, the spinels seemed to be single-phase but their X-ray di!raction pattern contained unclear, wide minor lines resembling those of amorphous admixtures. The problems are clearly related to the contradictory temperature requirements: low temperature, suitable to preserve Mn valence above III, is insu$-cient to "nish the synthesis controlled by solid-state di!usion, and higher temperatures 800 or 8503C accelerating the di!usion would tend to decrease the Mn valence to III. Blasse (3) and Wolska et al. (4) found deviations of both Vegard law and nontrivial change of Li distribution in the cationic sublattices in the Li}Fe}Mn}O series with Mn valence between III and IV, i.e., in compositional range corresponding to region C. However, the previous authors considered these spinels single phase (3, 4) . We are, however, afraid of the possible presence of amorphous impurities indicated by unclear X-ray di!ractograms that would deny the actual elemental composition of the remaining wellcrystalline spinel. Additionally, Rietveld re"nement based on the X-ray di!raction patterns yielded "ts with rather poor statistics, as is demonstrated in Table 2 (the last  sample) , and hence reliable evaluation of the Li distribution was not possible in all cases. Therefore, we searched for further characteristics that would validate our severe evaluation of the sample quality.
Curie Temperature
The reason for determining this numerical characteristic was the result of preliminary (unpublished) study of another series of Li}Fe}Mn}O spinels by Moessbauer spectroscopy. Unfortunately, a di!erence in hyper"ne "elds of Fe in tetrahedral and octahedral positions is too low to permit data processing unless an external magnetic "eld is applied (8) , and it is also little sensitive to actual Fe/(Fe#Mn). However, we found that in the room temperature Mossbauer spectra of some samples of region C there are yet apparently noncollapsed sextet (ferrimagnetic ordering) and minor doublet (already paramagnetic phase) as if the spinel was composed of components with two di!erent Curie points (ferrimagnetic to paramagnetic transition). Therefore in this study the temperature dependence of magnetic susceptibility was determined in the spinels with Fe/(Fe#Mn)'0.38. The Curie temperature, plotted in Fig. 6 , was roughly linearly dependent on Fe/(Fe#Mn) ratio for group A in accordance to the "nding of Blasse (3) .
In about a half of the samples of group C the /¹ curve exhibited more in#ex points, i.e., more species with di!erent Curie temperatures. Similar curves were obtained for samples containing more spinel phases according to X-ray powder di!raction. This "nding indirectly proved that the unclear shoulders in X-ray powder di!raction patterns of the samples in region C could be attributed to a poorly organized spinel admixture or domains with the elemental composition di!ering from that of the bulk. An alternative explanation is that the distribution of Fe between tetrahedral and octahedral positions in region C depends signi"-cantly on temperature in the temperature range indicated in Fig. 6 .
Electrochemical Dissolution in Aqueous Solution
Reductive dissolution of Li}Fe}Mn}O spinels in aqueous solution proceeds as an irreversible reaction
where (s) and (l) stand for solid and dissolved species. Electrochemical dissolution of immobilized Fe}Mn mixed oxides was already shown to be very sensitive to Fe/Mn ratio (14, 20). The bigger set of spinels available in the present study permitted us to further specify the in#uence of the oxide composition on reductive dissolution reactivity of Li}Fe}Mn}O spinels. In Fig. 7 , the peak potentials of the spinels studied were plotted against Fe/(Fe#Mn). At Fe/(Fe#Mn)'0.2 the single-phase spinels yielded simple voltammetric peaks without splitting or shoulders. Some samples with Fe/(Fe#Mn)(0.2 yielded split peaks suggesting two-step reaction mechanism as it was recently observed for Mn dioxide (22) . In this case the potential of the dominant peak was plotted in Fig. 7 . At Fe/(Fe#Mn) '0.2, the voltammetric peak was split exclusively due to bimodal size distribution (one case in spinel A) or probable phase nonuniformity (some spinels in region C). Such heterogeneous samples were omitted in Fig. 7 .
The peak potentials vs Fe/(Fe#Mn) yielded a line for the spinels A in accordance with our previous reports (14, 20) . The di!erence in peak potential for the spinels of line A and region C demonstrated a less signi"cant in#uence of Mn valence. Due to the in#uence of variable Mn valence, the peak potentials of the spinels of region B occurred in areas of roughly triangular shape, because the peak potential increases not only with decreasing Fe/(Fe#Mn) but also with increasing Li/(Fe#Mn). In previous reports (14, 20) we stated that voltammetry of Li}Fe}Mn}O spinels is more sensitive to Fe/Mn ratio in spinels than to actual Mn valence or particle size, which also contribute to electrochemical reactivity of microcrystalline solids. In this work, we can be more speci"c: Fe/(Fe#Mn) ratio altered the peak potential within the range of 1.1 V, and Mn valence and particle size was re#ected by the scatter of E .
within the range of about 0.3 V at Fe/(Fe#Mn)&0.4, where Li/(Fe#Mn) can be varied in the widest range. Particle size can be responsible for about 0.05}0.1 V di!erence with the particle size changed by an order of magnitude (29) . Due to such a complex in#uence of elemental, structural, and granulometric characteristics of spinel samples on their voltammetric peak potential, voltammetry is a sensitive technique to evaluate the quality of synthetic samples. This fact was used for preliminary evaluation of synthetic products before they were submitted to more demanding and time consuming analyses. Under the conditions used, voltammetry took about 5 min and helped us to reveal phase heterogeneity in large sample series. If the synthetic samples contained two species with peak potentials di!ering by more than about 0.2 V, voltammetry would reveal this heterogeneity. This was frequently the case of biphasic samples, which lie outside the spinel region in Fig. 2 . In three samples of the single-phase oxides given in Table 1 , one from line A and two from region B, some other heterogeneity was responsible for the splitting or the deformation of the reductive dissolution voltammetric peaks. A subsequent check using TEM showed that these three samples consisted of two kinds of particles: small (tens of nanometers) and large aggregates (&0.1 m in diameter) of coalesced smaller particles.
Voltammetry would hence prove to be an e$cient analytical tool complementary to X-ray powder di!raction analysis. From Fig. 3 and 7 , the di!erence in sensitivities of these two methods is apparent: the lattice parameter and hence the position of X-ray di!raction lines are more sensitive to Li/(Fe#Mn) content, whereas electrochemical dissolution reactivity and peak potential are more signi"cantly a!ected by Fe/(Fe#Mn) ratio.
Electrochemical Li> Insertion/Extraction and Mn <alence Cycling in Nonaqueous Solution
The activity for lithium insertion/extraction, well established for Li}Mn}O spinels, is based on reversible oxidation/reduction of trivalent Mn according to Eq. [3] ,
where (s) and (l) stand for solid and dissolved species. This electrode process proceeds without destruction of the spinel lattice; the oxidation causes Li> extraction and Mn> oxidation to Mn> and vice versa provided the supporting electrolyte contains su$ciently high concentration of Li> for the back reaction. We restricted the nonaqueous investigation just on the spinels from B region with Fe/(Fe#Mn) lower than 0.3, because it was found that at higher Fe content the Li> insertion/extraction is suppressed (12, 20) . The spinels selected had Li/(Fe#Mn) between 0.3 and 0.5 and average Mn valence in the 3.58}3.68 range. The composition of Li}Fe}Mn}O spinels has a pronounced e!ect on the thermodynamics of the insertion/extraction process. The shift of the formal potential of the "rst extraction step (see Fig. 8 ) toward higher values clearly indicates an increase in the spinel stability with an increasing Fe content. We did not observe any pronounced e!ect of lattice parameters nor Li/(Fe#Mn) on the formal potential. Such observation agrees well with the electrochemical behavior observed by the reductive dissolution, i.e., that the electrochemical behavior is controlled mainly by the iron content.
The literature reports also better capacity retention for Li}Fe}Mn spinels (12) , on the other hand our experiments did not indicate such a pronounced e!ect. The speci"c capacity, expressed as the ratio of actual to theoretical speci"c capacity C/C , is plotted against Fe/(Fe#Mn) in Fig. 9 . C was calculated using the stoichimetry of Eq. [3] and assuming the electrochemical cycling of all Mn that was trivalent in the original spinel composition. C/C decreases with increasing Fe content in line with the previous "nding (12, 20) . The amount of the reversibly storable charge ranged between 0.3 and 0.6 of that corresponding to the complete oxidation process. Although the average values of C/C seem to be linearly dependent on Fe/(Fe#Mn), a more detailed study is necessary to prove such dependence. We did observe a pronounced increase of anodic charge when cycling to very positive potentials (E'4.3 V). In contrast to Song et al. (12) and Kawai et al. (18) we did not "nd any cathodic counter part for this process. A closer investigation of the behavior in this region is, however, necessary to elucidate possible e!ects of the Li}Fe}Mn structure and those of the electrolyte breakdown at potentials above 4.3 V. Optimal synthesis conditions were not found, spinels arise with di$culties and their elemental uniformity and phase purity is doubtful as follows from careful examination of X-ray di!raction patterns. Thermal dependence of magnetic susceptibility revealed more species with di!erent Curie temperatures. According to X-ray diffraction, Li is moving to octahedral positions with growing Fe/(Fe#Mn). Available literature data also shows that the solid solutions of Li}Fe}O and Li}Mn}O spinels deviates of the Vegard law and have a nontrivial change of the Li distribution. This non-ideality will probably show that the actual spinel composition and ion occupation will depend on the preparation procedure and is hence hardly reproducible.
